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Previous X-ray studies of have focused on the closed
state of the potassium channel. Now the structure of
a calcium-activated bacterial potassium channel has
revealed the nature of the channel’s open state. This
provides a first view at high resolution of ion channel
gating.
Potassium (K+) channels play crucial roles in the
physiology of both excitable and non-excitable cells,
and are found in organisms ranging from bacteria to
humans. In particular, they are central to the function
of the nervous and cardiac systems, and offer consid-
erable promise as targets for new drugs. There are
several different families of K+ channels, all sharing the
same selectivity for K+ ions over Na+ ions. This func-
tional conservation is reflected in a conserved core
architecture of their transmembrane pores, built upon
a selectivity filter containing a sequence motif (TVGYG)
characteristic of K+ channels. The various families of
K+ channels differ, however, in their gating mecha-
nisms and also in their single channel conductances,
which can range from about 2.5 pS to 250 pS [1]. A key
challenge for molecular physiology is to relate the
atomic resolution structure of K+ channels to their
diverse single channel physiological properties.
The determination of the X-ray structure of the bac-
terial K+ channel KcsA [2,3] was an immense break-
through, illuminating key aspects of the permeation
and selectivity mechanisms of these channels. It is
evident, however, that this crystal structure of KcsA
corresponds to the closed state of the channel. In
order to properly understand the gating and conduc-
tance properties of K+ channels, the structure of an
open state of KcsA (or related K+ channel) was needed.
This presented something of a paradox. Patch clamp
recordings reveal that, even when fully activated, indi-
vidual K channel opening events are only of duration
about 1 millisecond. How might one hope to capture
such a transient state for sufficiently long to determine
its structure by X-ray diffraction?
The recent determination of the structure of a second
bacterial K+ channel — MthK from Methanobacterium
thermoautotrophicum — provides a powerful clue as
to the mechanism(s) of K+ channel gating [4]. This
channel has been captured in the crystal in an open
state, allowing determination of the structure of an
open K+ channel — albeit at only medium (3.3 Å) res-
olution, such that the pore backbone can be seen but
not the positions of the sidechains.
The structure of MthK is more complex than that of
KcsA, by virtue of its having substantial intracellular
(non-membrane) domains. The transmembrane topol-
ogy of MthK is the same as that of KcsA: each of the
four subunits is made up of two transmembrane helices,
M1 and M2, with a re-entrant P loop — which contains
the TVGYG selectivity filter motif — in between. But
MthK has a large carboxy-terminal domain, located on
the intracellular face of the membrane. This domain has
the fold of a ‘regulator of K+ conductance’ (RCK) domain
— an α/β fold associated with binding regulatory
nucleotides or other ligands. In the case of MthK, the
RCK domain binds Ca2+ ions. Indeed, MthK is a Ca2+-
activated K+ channel. The X-ray structure suggests that
the functional MthK is associated with an octameric
assembly of RCK domains and subunits. These bind the
Ca2+ ions which gate the channel. The MthK crystals
were grown in the presence of 200 mM Ca2+ ions,
sufficient to lock the channel in an open state.
Let us return to KcsA, the structure of the closed
state of which is known at high resolution (2.0 Å). How
might one infer the structure of the open state of KcsA,
using the low-resolution structure of MthK as a guide?
From simple visual comparison of the two structures,
the main difference lies in the conformation and orien-
tation of the M2 helices within the K+ channel core fold
[5]. In the closed state (KcsA), the four M2 helices meet
at the intracellular mouth of the channel to form a
narrow hydrophobic region (radius about 1.4 Å). In
MthK, by contrast, the M2 helices are splayed out-
wards, such that the intracellular mouth is widened (to
a radius of about 6 Å), making the central cavity of the
channel effectively continuous with the aqueous solu-
tion on the intracellular face of the membrane. Thus, in
this conformation, the main effective barrier to ion per-
meation is the selectivity filter. One can put this analy-
sis on a slightly firmer footing by using the MthK
structure to build a model of KcsA in an open state
(Figure 1). Of course, it should be remembered that this
procedure assumes that the exact nature of the K+
channel open state is conserved between the two
channel species (see below).
Let us examine the results of comparing the
(experimental) structure of KcsA in a closed state and
the (model) structure of KcsA in an open state. The
change in radius at the intracellular mouth of the
channel on going from the closed to the open state is
from 1.4 Å to 6 Å (Figure 2). From a number of theo-
retical studies (for example [6]) this is sufficient to
remove an energetic (electrostatic) barrier to ion per-
meation, thus functionally opening the channel. How
is this conformational change brought about?
From analysis of the MthK structure [4], it is evident
that the M2 helices are splayed outwards via a kink in
the upper, amino-terminal region of the M2 helix. Com-
parison with KcsA suggests that this kink is in the
vicinity of a glycine residue (Gly99 in KcsA). A glycine
residue might be anticipated to introduce a region of
local flexibility into an α-helix. Sequence alignment [5]
indicates that this glycine residue is highly conserved
in K+ channels, suggesting conservation of the funda-
mental mechanism of K+ channel gating. Gating is thus
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expected to occur via a hinge-bending conformational
change in the M2 helices, such that the carboxyl termini
of the helices move away from one another.
Interestingly, recent simulation studies aimed at
modelling gating of KcsA channels [7] revealed a
hinge in the vicinity of G99. Of course, this explains
how the channel opens, but not what drives the opening
or how this is coupled to the conformational changes
in M2. In KcsA, this movement is driven by lowering
the intracellular pH (but the identity of the pH sensor
remains elusive). In voltage-gated K+ channels, a
voltage-induced shift in the positively charged S4 helix
is somehow transmitted to the S6 helix (the equivalent
of M2). In these channels, the story is complicated 
by the presence of an additional possible hinge (a
Pro–Val–Pro motif) in the S6 helix which is associated
with channel gating [8,9]. In MthK, the X-ray structure
has been used to suggest that the RCK domains ‘pull’
on M2 when Ca2+ ions bind. Unfortunately, the linker
polypeptide between the carboxyl terminus of M2 and
the amino terminus of RCK is not visible in the crystal
structure, and so is presumed to be disordered, which
is perhaps unexpected if this region propagates the
pulling force of the Ca2+-loaded RCK domains.
There remain a number of outstanding questions.
The model of the open state of KcsA based on MthK
has a rather larger intracellular pore radius than that
suggested earlier from spectroscopic studies [10]. It
will be important to determine whether this reflects the
resolution limit of the spectroscopic method used
— site-directed spin labelling — or whether the open
state of KcsA indeed has a smaller intracellular pore
radius than that of MthK. A combination of electro-
physiology and theory may prove useful here — a
recent simulation study [6] suggests that the conduc-
tance of a K+ channel increases steadily as the intra-
cellular pore radius is increased. Thus, a careful
analysis of open-state pore models alongside con-
ductance values may enable us to explore unity
versus diversity in the open states of K+ channels.
Finally, we may ask whether any general rules are
starting to emerge about gating mechanisms of ion
channels? Certainly, the presence of a hydrophobic
barrier which prevents ion permeation and which is
removed by widening of the constriction on channel
opening seems to be a popular mechanism, being seen
for example seen in K+ channels, bacterial
mechanosensitive channels [11] and the nicotinic
acetylcholine receptor [12]. The physical basis of this
mechanism has been confirmed by recent theoretical
studies of a simple model gate [13]. Other gating mech-
anisms are possible, however, including one in which
rearrangement of charged sidechains opens/closes a
gate. Such a mechanism has been suggested for chlo-
ride channels [14], for example, and also for the bacte-
rial outer membrane protein OmpA [15]. Further
structural and computational studies are needed before
we have a proper understanding of the complexities of
channel gating.
Figure 1. A comparison of the structures
of the closed (left) and open (right) states
of the K+ channel KcsA.
In each case, two of the four subunits are
shown, with the location of the bilayer
membrane indicated by the horizontal
broken lines. The closed structure was
experimentally determined, and the open
structure is modelled on the recently
determined crystal structure of the K+
channel MthK in the open state [4].
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Figure 2. Pore linings in the closed (left)
and open (right) states of KcsA.
Again, for clarity just two subunits are
shown, with α helices represented as
ribbons in shades of blue and green. The
pore-lining surfaces are colour coded as
follows: red, radius < 1.3 Å; green, radius
< 6.0 Å; and blue, radius > 6.0 Å. The loca-
tions of the filter (F), cavity (C) and intra-
cellular gate (G) regions are labelled.
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